The study of Hg intrusion in axially symmetric pores modelled from a circular function, including a cross-sectional attenuation, unveils or ratifies some interesting effects. One of them is the influence of the pore-wall angle of inclination on the intrusion pressure and meniscus radius of curvature. Another one is that Hg penetration in pores of this sort cannot proceed gradually but only in a jump-like manner. Virtual penetration curves indicate Laplace stable or unstable states as well as the virulence of the irreversible penetration of pores with a varying cross section. It is also important to point out that, in structures depicting a sinuous cavity to throat inter-connections, a single meniscus can be transformed into more than one meniscus by a sort of snap-off mechanism. Hysteresis in these structures can be expected to be more intense as the pore entities become more sinuous. Finally, it is also important to mention that the onset of liquid penetration is not always occurring at the minimum cross section of a pore channel, but at a specific point beyond this occlusion.
INTRODUCTION
The characterization of porous media by mercury porosimetry (León y León 1998; Giesche 2006) has been a resourceful tool for the determination of essential pore structural parameters (Felipe et al. 2006b ), such as pore volume, surface area, and most importantly, the pore-size distribution of a given substrate. A decisive key factor for this kind of success has been the application of the Young-Laplace equation (Adamson 1990) to study the penetration of Hg in cylindrical tubes, accomplished by Washburn (1921) in the following form:
(1)
In equation (1), P represents the pressure to which liquid mercury has to be subjected for being inserted into a cylindrical pore of radius R; σ iv is the surface tension at the liquid (l)-vapour (v) Hg interface and θ is the contact angle at the three-phase (solid-liquid-vapour) line of contact. Nonetheless, after decades of persistent analysis in relation to more complicated pore shapes, the previous expression has been generalized for the case of pores in which the inclination of the solid walls establishes an angle with respect to the axis of the pore passage (Cebeci 1980):
An expression in which Φ is given by (3) where α represents the angle of inclination at a given point of the pore wall with respect to the pore axis. Equation (2) is appealing, because in tubular (axial) pores other than cylindrical, a mounting penetration pressure is required as the cross section of the pore decreases steadily along its axis of symmetry. This expression also implicates that the point at which a given section of a tubular pore endowed with periodic undulating walls penetrated by liquid rarely corresponds to the narrowest opening of this pore arrangement. This effect is certainly contrasting to what is usually expected (i.e. the narrowest gap of the pore section under analysis should stand for the penetration threshold).
In comparison with equation (2), another expression relating the Hg intrusion pressure (P) with the pore radius (R) has been proposed through an apparent advancing contact angle θ A (Kloubek 1992) as follows: (4) This expression becomes the same as equation (2) if θ A = Φ = θ + α; in turn, θ A can be determined empirically for a given solid substrate by contrasting the surface areas obtained from N 2 sorption and mercury intrusion. Besides, the Hg lv interfacial tension can be corrected by taking into account the meniscus curvature (Kloubek 1994) according to the following equation: (5) where σ lv = 480 mN m -1 and P (in MPa) is the pressure at which Hg is being intruded. By contrast, but still correlated to the aspects expressed above, and considering that pore entities can be linked to one another by sharing edges and vertices in order to create an interconnected void network, the phenomenon of canthotaxis (Martinez et al. 1987 ) reaches a strong relevance; this phenomenon means that for an lv interface to penetrate inside a certain pore cavity from a contiguous throat capillary, which has already been surmounted by a liquid front, the meniscus still has to reach the precise curvature by anchoring at the edges of the pore entrance before giving way to the straightforward invasion of the whole void by liquid (Felipe et al. 2006a) .
According to the ideas of Everett (1967) , in relation to the hysteresis phenomena that can surge during the development of capillary condensation in porous media, the physical system in which these phenomena arise can be imagined as an assortment of individual pore domains. In every one of these inter-connected void arrangements, irreversible transitions can take place and hysteresis can then be observed at a macroscopic scale, because of the cooperative interactions among the myriad of pore domains. The capillary process developed inside each pore domain can be
associated to the displacement of the single interfacial meniscus that separates the invading and displaced fluid phases; therefore, the analysis of transitions, taking place in an isolated pore domain, is akin to the treatment performed in a lonely pore. Two main aspects are essential to understand the capillary processes occurring within a pore structure properly (Everett 1975) : (i) understand the fundamental processes that take place inside a single pore and (ii) consider the interactions of such processes throughout the voids that constitute the porous medium. In this work, the problem to deal with is only related with the first aspect, because peculiar effects are intended to be evidenced at a scale of single (while sinuous) cavity-to-throat linear pore arrangement.
AXIAL PORE MODELLING
Axial Hg porosimetry studies in individual pores with an oscillating cross section (Reyes-de la Cruz 1979) represent a useful and more complex medium if compared with the simplest case of an isolated cylindrical pore of radius R, especially because of the inducement of some effects that are missing in pores depicting a constant wall inclination. A cylindrical capillary with a radius R that extends along the X axis fulfils the following conditions: (6) Laplace (cited by Bikerman 1970) , during the study of capillary rise by some liquids, had already considered conical pores while establishing that the value of the aperture angle should be considered for the calculation of the final height achieved by the lv meniscus at equilibrium.
Earlier studies concerning Hg intrusion in tubular pores of varying cross section have presumed that the minimum cross-sectional value, attained at some point by the opening of these capillaries, is the crucial factor which determines the liquid pressure that should be attained in order to fully penetrate the pore with the invading fluid. In this study, it will be demonstrated that such conjecture is usually not really valid in the case of a tubular undulating pore endowed with a varying cross section that decreases continuously along its main axis. Therefore, it can be expected that the consequence of such a discovery, in real pores having a myriad of more complex shapes, can be assumed of a significantly greater magnitude by reason of the huge amount of entities that can display this characteristic.
The specific pore shape that will be used in this work corresponds to a circular function with an attenuated cross section 1 according to the following equation (see Figures 1-4 ):
Here, R 0 represents the radius at the pore entrance; X is the profundity at which the pore attains a radius of revolution equal to R; B is the pore width attenuation factor; A is the amplitude regarding the oscillatory pore width character and N is the undulation frequency.
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The pore wall angle of inclination, α, is given in terms of the slope of the line tangent to the pore wall (i.e. dR/dX) at point X as (8) or:
when θ > π/2, as for the case of Hg, the Φ angle (i.e. the horizontal component of the surface tension) at a point of the lv interface is given by equation (3). By taking into account the inclination of the pore wall, the Washburn equation can be written as following: (10) The volume of intruded liquid at a given pressure can be calculated in terms of two contributions
Here V 1 is the volume comprised between the pore mouth and the lv meniscus located at the three-phase line of tension and V 2 is the volume of the hemispherical cap resting on the threephase line of tension.
These volume contributions can be calculated as follows: (12) where Ω is given by equation (13) (13)
(15)
V 2 adopts the following expression:
D is the position of the centre of curvature of the lv meniscus: (18) δ is the thickness of the lv meniscus:
The mean radius of curvature of the meniscus is obtained from the Laplace equation as follows: (20) In brief, the case that will be examined in this work is, then, related to Hg intrusion in pores of varying circular cross section (i.e. of changing radius of revolution R) that extends along the X axis; further peculiarities of this particular void include that its cross section is continuously diminished along the main pore axis and also that the pore surface adopts an undulating or bulgethroat aspect ruled by a frequency factor N per unit length and an amplitude value. The pore can be imagined as a 3-D tubular figure of revolution around the X axis.
Before proceeding with the description of the Hg intrusion of pore circular entities with attenuated cross section, it is convenient to mention that a model that includes some of the characteristics displayed by the pore shape proposed here has been previously considered (Kloubek 1994) . This work considers two kinds of pores. The first kind is a cylindrical pore set consisting of three cylindrical chambers of the same size, separated from each other by two narrow constrictions of decreasing widths; i.e. a sort of pore throat attenuation. The second kind of pore is a cylindrical channel pore consisting of two inter-connected (through pore throats) chambers terminated by a conical end (gradual pore width attenuation). The intrusion path of the first kind of pore set displays three threshold (vertical) jumps, as mercury trespasses the pore in the first, second and third chambers through the respective pore necks. The intrusion curve of the second kind of pore depicts two jumps (one at the pore entrance and another one at the throat existing between the first chamber and the second one), as well as a sloping invasion along the conical region.
Mercury Intrusion in Pores of Changing Axial Section: Influence of Pore Geometry on the Penetration Mechanism
The parameters of the pore circular function were chosen conveniently in such a way as to generate four different structures, which according to their geometric characteristics could represent four typical cases that arise during Hg intrusion together with the corresponding particular shapes of hysteresis loops. The selected values of the circular function parameters are shown in Table 1 . The pore mouth radius was fixed at 100 nm for all four structures; this value is frequently dealt with ordinary Hg porosimeters. For the B parameter a negative value was adopted, so as to induce a continuous decrease of the pore cross-section radius, from one cycle to another, thereby creating a pore structure suitable for opportunely discussing the set of intrusion results. The Hg penetration results are presented in two forms: (i) the sequence of menisci advancement inside each pore structure (Figures 1-4) and (ii) the penetration curves, i.e. applied liquid pressure versus penetrated volume (Figures 5-8 ). In the first four figures, the pore shape is represented together with the mercury menisci that arise at subsequent steps of the penetration. This type of diagrams is very useful for a better understanding of the penetration curves. Before further continuing, it is required to mention that the volume V of the system (solid + pores) decreases as the penetrated volume, V p , increases (21) where V 0 is the system volume when no penetration has already taken place. The Laplace stability condition (Everett 1975) can be written as follows: In a penetration curve, the segments of it that depict a positive slope correspond to stable equilibria; contrastingly, those segments having a negative slope represent unstable equilibria. The gradual increasing of the penetration volume with pressure consists of equilibrium displacements along the segments of positive slope, which occur suddenly and alternately by means of irreversible jumps (Haines 1925) at constant pressure. These jumps go from the uppermost point of an equilibrium segment to an analogous point in the next stable segment.
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It is imperative to mention that the segments of a penetration curve that represent unstable equilibria are not attained by the physical systems formed by homogeneous phases. These segments are useful, from a theoretical while not from real point of view, because these allow to fix limits between stability and instability; for instance, by means of the equal area rule of van der Waals. Besides, on the basis of these zones of instability, it is possible to realize some thermodynamic observations related to the hysteresis phenomenon. 
Modelling Mercury Intrusion Processes in Pore Entities of Axial Symmetry with an Attenuated Cross Section
As has been said above, along a penetration curve, the segments depicting a positive (∂P/∂V P ) T slope correspond to stable Laplace equilibria, while conversely segments with a negative slope represent unstable states. When (∂P/∂V P ) T > 0, from a physical point of view, the intrusion path that the system follows consists of gradual increases of the penetration volume V P which, as the pressure is raised, thus correspond to equilibrium displacements along the segments with positive slope. In pores with an attenuated cross section of axial geometry, these steady segments often alternate with abrupt V p increases, performed via irreversible jumps at constant pressure, in which the system changes suddenly from a zone of stable equilibrium until reaching a subsequent zone of the same nature. It should be reminded, again, that segments (states) representing unstable equilibrium are never displayed by physical systems composed of homogeneous phases. In spite of this virtuality, the calculated penetration curves that show unstable equilibrium segments are important, because this helps to visualize the limits between stability and metastability. For example, it is possible to perform this kind of visualization for the van der Waals or Maxwell equal area rule (Elhassan et al. 1997) , from which it is possible to carry out thermodynamic calculations related to hysteresis, entropy production and free energy dissipation once a hysteresis cycle has been completed. From now on, a particular description of Hg intrusion occurring in each of the four different structures considered in this work will be undertaken. The figures employed for this task represent, for each structure, on one hand, the progress of menisci inside the axial pore and, on the other hand, the Hg penetration curve. The calculations are made assuming a fixed contact angle of 140°, which together with the angle of inclination of the pore wall at a particular point on the solid surface, define the intrusion pressure; the intruded volume is made by the V 1 and V 2 contributions explained above. The spontaneous and equilibrium meniscus displacements along a given penetration curve are ruled by the value (positive or negative) of the (∂P/∂V P ) T slope that arise at different positions. The maximum pore length has been fixed at 500 nm, a sufficiently long path as to simulate the most interesting phenomena that take place in this kind of structures.
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Structure 1 (Figures 1 and 5 ). This particular pore shape depicts a series of alternating shallow bulges and throats; first, the ingoing liquid is subjected to enough pressure to overcome the pore entrance (R = 100 nm). This pressure corresponds to 67.5 bar; thereafter, the liquid phase penetrates spontaneously [(∂P/∂V P ) T < 0] along the pore length at constant pressure in which the penetration volume rises progressively from 6.7 × 10 -4 µm 3 to 2.4 × 10 -3 µm 3 . Because of the incessant diminution in pore radius along the pore length, there eventually surges the onset of a more intense second penetration zone (starting at approximately X = 210 nm) in which V P the penetration volume, increases from 4.7 × 10 -3 µm 3 to 7.7 × 10 -3 µm 3 , while the meniscus advances spontaneously from the vicinity of the first bulge at 210 nm to the neighbourhood of the second neck at 410 nm; this displacement happens under a pressure of approximately 108 bar. Afterwards, the pressure keeps mounting steadily with the respective increase of V p . This last zone is Laplace stable, with consecutive menisci of smaller and smaller radius of curvature. This behaviour continues until the entire flooding (X = 500 nm) of the pore with Hg occurs.
Structure 2 (Figures 2 and 6 ). When compared with Structure 1, this second pore shape is endowed with 2.5 times the periodicity of the former (i.e. in the case of Structure 2 N = 0.025 nm -1 instead of N = 0.01 nm -1 as in Structure 1, see Table 1 ), which corresponds to a higher frequency of alternating pore bulges and throats along the pore length of Structure 2. The threshold pressure required to overpass the pore entrance becomes about 65.9 bar; afterwards, penetration occurs irreversibly from this pore mouth to slightly beyond X = 50 nm. A second irreversible jump occurs from 85 to around 200 nm. Because, in Structure 2, the pore radius R suffers more drastic changes with X (if compared with Structure 1), there is a larger difference between the maximum and minimum pressures that are attained from the start to the end of each alternating bulge-throat cycle. This difference is of about 65-68 bar for the case of the first three cycles of Structure 2. Likewise, the number of irreversible Laplace jumps for every 0.01 µm 3 rise of V p increases from 2 (Structure 1) to about 5 (Structure 2). The previous outcome also indicates that the curvature of the meniscus oscillates jointly with the intrusion pressure along the sequence of bulges and necks. In general, the meniscus curvature attains a maximum value at some specific distance beyond the entrance into a given pore neck; for instance, the maximum curvature that is attained around the first pore neck takes place when X ≈ 85 nm instead of X ≈ 67 nm (this last value corresponds to a local minimum in the cross section of the pore). In consequence, the minimum meniscus curvature is not being achieved at the widest opening of a pore bulge but somewhere away from this point (e.g. the maximum curvature attained by the meniscus around the first bulge occurs at X ≈ 150 nm instead of X ≈ 120 nm (where a local maximum in cross section is located).
Structure 3 (Figures 3 and 7) . When confronting this shape against Structure 1, while N assumes the same value for both pore shapes, A is, however, ten times larger. Because of this parameter combination, the change of the slope of the solid wall is more pronounced in Structure 3; this causes a difference between the maximum and the minimum intrusion pressures of cycles 2 and 3 between 240 and 300 bar. This result also means that the maximum and minimum curvature values reached by the lv meniscus in the case of Structure 3 are rather higher or lower, respectively, if compared with those found in Structures 1 and 2. In other words, in Structure 3, the radius of curvature of menisci located around pore throats is distinctively smaller (while around pore bulges this radius becomes larger) than those values arising from Structures 2 and 3.
With respect to the intrusion curve, it is interesting to note its sharp variation in slope as the penetration volume approaches V p = 2.5 × 10 -3 mm 3 . This happens because in this zone V p is increasing very slowly with P, while the radius of curvature of the meniscus is becoming relatively large thus causing V 2 (the volume of the meniscus cap) decrease considerably.
Structure 4 (Figures 4 and 8) . The values of the N and A pore-shape parameters allow frequent and intense oscillations of the pore radius (R) along the pore length (X) of this pore entity. Therefore, the changes in intrusion pressure after the first cycles are rather high if compared with the previous structures, even if the throat-bulge oscillating frequency is similar to that ascribed to Structure 2. In fact, Structure 4 appears to be the most interesting system of all, because the lv meniscus is subjected, along the intrusion process, to a great variety of situations.
With respect to the intrusion phenomenology found in this pore shape, once the liquid phase overcomes the pore entrance at P ≈ 60 bar, the lv meniscus becomes Laplace unstable and the radii of curvature of the progressive menisci rise until becoming almost flat when X = 15 nm; next, an interesting event ensues because the lv meniscus starts acquiring a convex shape [X ∈ (15nm, 45nm)].
The irreversible penetration that started at the pore entry in Structure 4 continues up to X ≈ 52.5 nm and R ≈ 35.8 nm. These coordinates correspond to the vicinity of the first pore neck. Beyond X = 52.5 nm, the penetration volume steadily increases and the intrusion pressure becomes gradually higher. The three-phase line of tension is eventually displaced away from the pore neck up to 70 nm and R = 33 nm, in combination with a pressure of 286 bar; under these conditions, P starts decreasing again due to the formation of unstable menisci that attain larger and larger radii of curvature up to X = 140 nm.
Nevertheless, a remarkable situation occurs when X = 110 nm: the meniscus is split into three interfaces (see Figure 8 ). At this very point, the lv meniscus is touching the walls corresponding to both the first bulge and second pore throat, thus generating two three-phase lines of tension (see X = 110 nm in Figure 8 ). The first one of these lines is a central meniscus located at the middle section of the second throat and a peripheral meniscus that confines Hg liquid and vapour phases within solid walls. The first meniscus is then situated at the throat between the first and second throats, and the second twofold interface is placed at around the first pore bulge. The meniscus first retreats spontaneously from the foremost point of the meniscus anchored at X = 110 nm down to X = 150 nm at which point the pressure increases gradually and further penetration is resumed. A second noteworthy event can also be observed at X = 150 nm, at which point the meniscus can become convex (with respect to the liquid phase); therefore, a negative radius of curvature (and consequently a negative pressure) could be generated at this stage. The possibility of mercury entrapment during retraction is then feasible. Beyond the last point, there surges another zone of mechanical stability up to around X = 200 nm.
A complementary preliminary observation concerning Structure 4 is related to Hg retraction. At this respect, when the liquid phase starts receding around the second throat at about X = 190 nm, and because of the pressure lowering to which the liquid phase has been subjected, a flat interface could be eventually created. Under this circumstance, Hg could not be completely extruded outside the pore. This last effect can explain (at least partially) the impossibility of removing the totality of the Hg intruded in many pore structures; this phenomenon has been labelled as retention (Svatá 1971 (Svatá -1972 . The existence of hysteresis and mercury retention after an intrusion-extrusion experiment can then be explained for real porous media endowed with pores that depict intense changes in radius along their length. This case is frequently found in porous media made by the packing of spherical globules.
From the above evidences related to Structure 4, some consequences can be summarized as follows: (i) separate lv menisci can coexist under some circumstances; (ii) a central meniscus of a convex shape can exist in-between neighbouring pore necks (see X = 150 nm in Figure 8) ; and (iii) a twofold meniscus can be developed around the first pore cavity (X = 110 nm). This last phenomenon can be interpreted as a kind of snap-off (the continuity of a liquid phase is broken when interfaces are created within), an effect that has been thought to be responsible for the hysteretic appearance of intrusion-extrusion Hg curves. The central meniscus in Structure 4 can acquire a negative curvature and consequently a negative liquid pressure, thus provoking the flow of mercury right to the entrance of a subsequent throat.
CONCLUSIONS
The simulation of Hg intrusion curves in pores of an undulating shape, defined by an axially symmetric circular function, leads to the exemplification of some effects that should be taken into account for performing a confident characterization of a porous material by Hg intrusion porosimetry. The establishment of a specific contact angle formed between the liquid-vapour meniscus and the pore walls, in combination with the particular angle of inclination of the pore walls, define the radius of curvature of the invading interface. Depending on the pressure attained by the liquid phase during Hg intrusion, Laplace stabilities or instabilities arise along the whole penetration curve. The liquid is introduced into the sequence of bulges and necks in a jump-wise fashion, similar to that that has been observed during imbibition experiments. The possibility of finding either flat or convex (with respect to the liquid phase) interfaces leads, in turn, to the irreversible trapping of the invading fluid and the development of hysteresis loops. Further work will require determining the retraction curves by assuming similar conditions as those employed to ascertain the intrusion ones. Finally, the threshold intrusion pressure in this kind of structures is seldom defined by the narrowest radius of a given pore throat; something similar is expected to be obtained for retraction curves in this sort of pore entities (i.e. the widest section of a bulge cavity will not be defining the extrusion pressure).
